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 
Abstract— This paper describes a full-bridge rectifier and a 
receiving antenna array for operation within an innovative 
wireless power transmission (WPT) system. A high-power 
transmitter using circularly polarized free-space waves and based 
on retrodirective antenna array technology, is also employed to 
boost the overall received RF power at the input of the rectenna. 
To the authors’ best knowledge, the proposed rectifier circuit and 
active antenna configuration is the first demonstration of a high 
power beam tracking system for WPT scenarios, being different 
from previously reported near-field coupling and other lower 
power harvesting schemes. The main focus of our present work is 
the rectifier design, its bench-top measurements, and operation in 
such a retrodirective, self-tracking microwave system. A novel 
approach based on in-phase multitone input signals is also 
developed to improve rectifier efficiency. The rectifier size is 4.5 
cm by 2 cm and can offer more than 86% and 75% RF-to-DC 
rectification efficiency at 27 dBm for an input signal at 1.7 GHz 
and 2.4 GHz, respectively. This rectifier circuit component can 
also be employed in other communication applications or WPT 
systems. For example, to convert to dc received RF signals or 
power in the radiating near- and far-field in order to wirelessly 
charge the batteries of home electronics such as smartphones, 
tablets or IoT devices. 
 
Index Terms — active antenna rectifier, diode, patch array, 
rectenna, wireless power transfer 
I. INTRODUCTION 
IRELESS power transfer or transmission (WPT) has 
been studied over the last few years and it is considered 
a possible technology to charge any electronic device 
wirelessly and a variety of applications have been proposed in 
the literature. For instance, wireless charging by magnetic 
resonance [1], [2] is widely used in biomedical devices [3] and 
has been examined for electrical vehicles [4]. Other WPT 
approaches include magnetic induction by reactive near-field 
coupling [5]. The alternative technique described in our paper  
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is based on electromagnetic free-space radiation and an 
efficient rectifier is newly reported for demonstration in such a 
microwave transmission system (MTS). Applications include 
the powering of smartphones, wearables, devices for internet 
of things (IoT) technologies, and other mobile electronics, 
defining the device under charge (DUC), in such a WPT 
system.  
In our experimentally verified MTS, radiated power is 
directed towards the proposed rectifier circuit which is also 
connected to a receiver antenna array as illustrated in Fig. 1. 
This rectenna unit is positioned in the near-field whilst 
receiving a power level of about 27 dBm at the RF input of the 
rectifier. This input power level is sufficient to charge a 
smartphone battery and maintain operation in an idle mode [6]. 
This can support continuous operation of the mobile, or DUC, 
when in the vicinity of the MTS.  
 
It should be made clear that the proposed rectifier and WPT 
system is not intended as a replacement for the conventional 
wired charging, but can be considered as complimentary as in 
the adopted DUT scenario. This can improve the quality of the 
users’ experience, and flexibility for device battery charging, 
instead of relying on previous magnetic induction approaches 
[1]-[5], which typically require some type of pad or surface 
technology for more localized WPT, as well as more common 
wired charging approaches which require ac to dc converters 
and other power supply circuitry.  
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Fig. 1.  Developed WPT concept where the device under charge (DUC) can 
be self-tracked and its batteries charged using the rectenna of this work. 
Automatic tracking of the DUC is achieved using a 2x1 antenna array (at the 
mobile unit) as well as by the self-steered radiated fields from the RDA 
transmitter. 
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For application testing purposes and for efficient power 
transfer to our proposed rectenna, (or mobile DUC within the 
MTS, see Fig.1), and to further minimize free-space path 
losses, the position of the rectenna is automatically tracked by 
an active retrodirective beam-steering approach. More 
specifically, a high-power retrodirective antenna array (RDA) 
transmitter [7]-[10] which employs active phase conjugating 
mixers [9], pre-amplifiers, power amplifiers, and separated 
input/output circularly polarized (CP) patch arrays as in [11]. 
In our developed MTS for this paper, to enable rectifier testing 
and WPT system assessment, a network of arrays are 
employed to generate 2.4 GHz left-handed circularly polarized 
(LHCP) fields at the RDA for high-power radiation, free-space 
propagation, and rectification at the DUC. 
These CP antenna elements, and the supporting active 
circuit chains, can improve the received power levels at the RF 
input of the rectifier and allow for free orientation and 
movement of the mobile DUC. At the same time our CP-RDA 
transmitter provides a realistic and application specific MTS 
measurement environment for the proposed rectifier. Also, in 
our demonstrated system, the rectenna is co-located with the 
pilot beacon antenna circuity which generates a 2.5 GHz right-
handed circularly polarized (RHCP) signal tone (see Fig. 1) 
for mobile tracking. In this work we define this rectenna and 
pilot beacon signal as the receiver module for the MTS, while 
the RDA, which is a type of heterodyne CP-RDA architecture 
for high-power re-radiation, is defined as the transmitter 
module. 
Preliminary findings for a much simpler RDA transmitter 
module were reported in [11] using a 2×1 transceiver antenna 
array of CP patches printed on a FR4 substrate. Also, a few 
initial results for the proposed rectifier and MTS where 
described in [12] considering operation at 2.4 GHz. In this 
paper we expand on our original findings and fully report the 
functionality of the rectifier circuit. In addition, we also 
demonstrate the capability of our rectifier in terms of its 
possible RF-to-DC conversion efficiency by considering a 
multi-tone input while also considering lower rectification 
frequencies below 2.4 GHz.   
This dynamic rectifier functionality is important for WPT 
systems and when aiming to improve the RF-to-DC power 
conversion efficiency. For example, operating at lower 
frequencies can allow for further separation between the 
transmitter and receiver modules because of the reduced free-
space path losses. In addition, by considering different 
frequencies and more complex signals; i.e. beyond simple 
tones, improved RF-to-DC conversion efficiencies can also be 
observed. This can enhance the user experience when 
considering the intended application and within a given range 
from the RDA transmitter as the DUC can still be powered and 
its battery level maintained or charged, and possibly at a faster 
rate, when compared to the single tone input case.  
To the authors’ knowledge no similar results have been 
previously reported for a rectifier circuit which can offer such 
RF-to-DC conversion efficiencies while also demonstrating its 
MTS capability and rectenna functionality for operation over a 
multitude of power levels, frequency ranges, and varied input 
signal types. As further described in the paper, power 
conversion efficiencies are maintained well above 60% for 
these scenarios and peak values of 85% are reported. In 
addition, the proposed rectifier circuit is not limited to the 
WPT system of this paper but may also be useful for other 
MTSs as well as more complex WPT system architectures by 
free-space radiation in the near- and far-field. 
II. DESIGN & OPTIMIZATION CONSIDERATIONS  
The main challenges associated with the proposed rectifier 
design (see Figs. 2 and 3), its measurements, and system 
investigation are: 1) the efficient conversion of the received 
RF signal to dc, 2) the need of high power radiation (from the 
transmitter module) in free-space during rectenna testing, and, 
3) the measurement demonstration in an operational MTS.  
It should be mentioned that rectifiers have been classically 
used in power supply circuits (50/60 Hz) offering full-wave 
rectification and similar versions of our proposed circuit have 
been commonly used since the 1970’s and for WPT [13],[14]. 
In our work we focus on a low-cost and planar rectifier 
implementation for microwave frequencies using a bridge 
diode topology. Similarly, in [15], the efficiency of a bridge 
diode rectifier operating at 100 MHz and 2.4 GHz for WPT 
applications was reported. Other structures using diodes have 
also been developed for WPT. More precisely, one 
architecture using only two diodes was examined in [16] 
offering a 3rd harmonic rejection stub which was also explored 
in [17]. These rectifier structures are able to provide good 
efficiency (less than 82.5%) and at a lower input power (26.2 
dBm [15], 24.7 dBm [16], and 22 dBm [17], respectively) 
when compared to our work. More specifically, as reported in 
our paper, we are able to efficiently rectify input RF power 
levels of more than 27 dBm while also considering different 
signal types and operational frequencies. 
Other rectifiers have also been designed to operate for dual-
frequencies albeit at lower power levels. In [18], the reported 
rectenna efficiently converted the RF received signal at 920 
MHz and 2.4 GHz by using a four-stage voltage doubler 
topology. Moreover, in [19], a printed diode rectenna was 
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Fig. 2. Circuit schematic overview for the proposed rectifier. 
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designed in order to convert 19.5 dBm of input power with a 
good efficiency (84.4%) at 2.45 GHz and 5.8 GHz.  
For the rectifier circuit of our work, as well as the WPT 
system for testing, the designed circuit should be able to 
efficiently convert different power levels when considering the 
RF power collected at the receiver module. This is important 
because the received power level is dependent on the position 
of the DUC from the transmitter module. Also, the mobile 
should be able to freely move with limited range restrictions 
for the best user experience. Hence, the RF power levels 
received by the rectifier at different distances are not static and 
thus the rectenna should be able to convert different RF power 
levels with similar efficiencies to ensure continuous and 
consistent powering of the mobile DUC. 
Previous designs found in the literature lack this overall 
capability as they typically convert RF power efficiently over a 
predefined power level and dedicated design frequency. Our 
rectifier presented in this paper offers an efficiency of over 
70% for power levels over 15 dBm between 1.6 GHz and 1.9 
GHz, and more than 86% at 27 dBm. At higher frequencies, 
our proposed rectifier offers similar efficiency values for the 
RF-to-DC power conversion. For example, at 2.4 GHz an 
efficiency of 76% can be observed at 26 dBm and over 60% 
for RF input powers ranging from 15 dBm to 29 dBm.  
 
Following the works presented in [20]-[22], which studied 
the use of chaotic and multi-sinusoidal signals to enhance 
rectification operation, we further improve RF-to-DC 
efficiency in our proposed rectifier. As it will be shown, a 
comparison between the single and the multitone input 
approach is presented at 2.1 GHz and 2.4 GHz. This study is 
important to accommodate for more complex WPT 
configurations and other possible MTSs which consider 
different propagating signals. 
A. Rectifier Circuit Overview and Design Approach 
The rectifier circuit schematic is illustrated in Figs. 2 and 3, 
and the fabricated prototype is shown in Fig. 4. The structure 
comprises five different blocks. Firstly, at the input port where 
the RF signal is collected, the matching network can be found. 
Its main purpose is to minimize reflections and offer 50-Ω 
impedance matching for the required input power levels and 
frequency ranges, as described above, whilst considering all 
circuit components and the active impedance matching of the 
diodes. This matching network is defined by an open ended 
single-stub tuner offering advantages in terms of simplicity and 
the fact that lumped elements are not needed. This can reduce 
fabrication costs.  
After the matching section, there is a dc block composed of 
two capacitors (C1 and C2) to minimize any dc signal passing 
through to the bridge diode. Next, a T-type low-pass filter is 
applied (C3, L1 and L2) to recover the efficiency degradation 
caused by the junction capacitance of the bridge diodes. The 
last block is composed of a smoothing capacitor (C4) as well as 
a Zener diode which acts as a regulator to reduce the ripples 
observed at the load resistance (RL). 
The design approach for the rectifier is briefly illustrated in 
Fig. 3. The first step was to identify from available electronics 
suppliers the most appropriate diode architecture in order to 
convert a high RF input power (in excess of 27 dBm) to dc and 
ensuring high rectification efficiency at the required 
frequencies. A bridge diode configuration was selected. The 
second step was to define the basic schematic of the circuit 
within an RF circuit simulator (AWR Microwave Office). 
Then the capacitances, inductances, bridge diodes, Zener 
diode, and load resistor where included to initially validate the 
circuit architecture without any matching network (see Fig. 
3(a)). Then these circuit elements were all parameterized and 
their values optimized to increase the RF-to-DC rectification 
efficiency and reduce the ripples at the output whilst 
considering a single 27 dBm RF input tone signal at 2.4 GHz. 
The next step in the rectifier design was to include in the 
simulator an input transmission line section as well as the open 
ended single-stub matching network. These components were 
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Fig. 3. Circuit models to illustrate the design methodology for the fabricated 
and measured rectifier (see Fig. 4). The basic circuit was initially optimized 
with ideal circuit components and without any input matching network (a). 
Next this input matching network for a 50-Ω impedance was included 
(defined by TL1, TW1, TL2, TW2, TL3, TW3 using ideal transmission line 
sections). All possible circuit elements were parameterized and further 
optimized. This was followed by a realizable structure using transmission 
lines and an input matching network in microstrip technology (b). 
TABLE I 
RECTIFIER COMPONENT VALUES AND MATCHING SECTION LINE LENGTHS  
 
Component Value 
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C1 1.9 pF 
C2 0.4 pF 
C3 470 nF 
C4 470 nF 
L1 8 nH 
L2 3.9 nH 
RL 669 Ω 
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TL1  10.0 mm 
TW1 4.9 mm 
TL2 2.9 mm 
TW2 3.1 mm 
TL3 4.6 mm 
TW3 2.3 mm 
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initially defined by three ideal transmission lines. At this step, 
moreover, these three transmission line sections all had the 
same width (which defined a 50-Ω characteristic impedance), 
but with different lengths. Then all circuit values and 
transmission line lengths were optimized again. More 
specifically, the lengths TL1, TL2 and TL3 were considered as 
variables to tune along with the different lumped elements 
within the rectifier. Also, via hole placements for ground 
terminations where included in the simulations. Basically, all 
possible circuit dimensions and values were further refined to 
minimize reflection losses, increase RF-to-DC rectification 
efficiency, and reduce ripple for a 2.4 GHz single tone at the 
input and with a power of 27 dBm.  
Then the remaining connections between the other circuit 
components were all replaced with microstrip (see Fig. 3(b)). 
It should be mentioned that simulations were completed using 
the full-wave EM solver within AWR. All possible values and 
the microstrip line dimensions in the circuit, except for the 
matching network (which were still ideal transmission lines at 
this step), were parametrized and considered as variables in the 
rectifier optimization process. This resulted in about 60 
variables within the simulator to reduce reflections, increase 
efficiency, and reduce the output ripple whilst considering the 
largest possible range of power input at 2.4 GHz. 
A last optimization step was finally made which now 
included all possible dimensions for the matching network 
whilst considering microstrip. It should be mentioned that the 
input transmission line width (TW1) was fixed for a 50-Ω 
characteristic impedance while its length was maintained 
beyond about 1 cm for SMA connectivity. During this step the 
motivation was to increase the possible input matching 
bandwidth for a large range of input power levels and optimize 
the efficiency while also reducing the output ripple. 
 Throughout this design process, it was realized that by 
varying all the parameters of the matching network, along with 
the other variables within the circuit simultaneously, the 
general frequency of operation for the rectifier could be tuned. 
We also observed that the circuit harmonics could be exploited 
realizing a more dynamic response for the rectifier. More 
specifically, the best results in terms of efficiency, minimized 
output ripple and reflection coefficient over frequency, and 
when considering different input power levels, was when the 
first harmonic (originally design to be centered at 2.4 GHz as 
described above) and its second harmonic, were reduced in 
frequency. Basically, when the first and second harmonics 
were positioned at about 1.7 GHz and 2.4 GHz, respectively. 
This response for the rectifier was also found to be useful for 
the above mentioned multitone input study, in that improved 
efficiency was possible when compared to a single input tone 
for some relevant cases.  
The rectifier was manufactured using a base substrate of 
Taconic material (TLY-5) with a relative dielectric constant of 
2.2 and a thickness of h = 1.6 mm. The components used are 
SMD Ceramic Multilayer MLCC capacitors, inductors and a 
chip SMD resistor. Their values are referenced in Table I. The 
bridge is composed of Schottky diodes (Avago HSMS-2828) 
with a series resistance RS = 7.8 Ω, a breakdown voltage Vb = 
26.7 V and a junction capacitance Cj0 = 0.649 pF (at 0 V). The 
Zener diode is the 1SMB5935BT3 model from ON 
Semiconductor. It should be mentioned that our main reason to 
select the Avago Schottky diode for the bridge was mainly 
related to its high breakdown voltage Vb of 26.7 V. There is 
also a limitation on the input power of the rectifier, which is 
due to the breakdown voltage of the diode in that the voltage 
junction Vj cannot be higher than Vb. Basically, during the 
design we needed to ensure that the input junction voltage was 
well below 26.7 V whilst considering the input power level of 
27 dBm. 
A. Receiver Design 
A 2.4 GHz LHCP 2x1 patch antenna array with a gain of 10 
dBic, offering 50-Ω impedance matching and a Wilkinson 
power combiner have been designed and fabricated (see Fig. 
5) using the same substrate as the rectifier. The rectifier 
collects the RF power at the output of the Wilkinson power 
combiner for conversion to dc when considering measurements 
within the MTS (see Fig. 1). Also, we define the combination 
of the receiver antenna array, the power combiner, and the 
rectifier, as the rectenna. It should be mentioned that for both 
the receiver array and the combiner, input reflection 
coefficient values were well below -20 dB (all results not 
shown for brevity). 
III. RECTIFIER SIMULATION RESULTS AND MEASUREMENTS 
The rectifier was designed and simulated using AWR 
Microwave Office. The dc output power was computed using  
L
out
R
V
P
2
          (1) 
where V is the potential difference across the resistive load RL. 
The rectifier efficiency is defined and computed as the ratio of  
the dc output power to the input power of the RF signal  
in
out
P
P
Eff  x 100%      (2) 
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Fig. 4.  Photograph of the fabricated and measured rectifier. 
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 In Figs. 6, 7 and 8 the simulated input and output voltages 
for the rectifier are compared. Three cases were initially 
studied (see Fig. 6): the rectifier without the voltage regulator 
block, the rectifier with the voltage regulator block 
(considering only the smoothing capacitor C4), and the rectifier 
with the voltage regulator block as seen in Fig. 2. The RF 
input voltage is shown for the dotted purple line. It can be 
observed that with these added components, the output voltage 
ripple reduces. It can also be observed from these simulations, 
that the effect of the voltage regulator block is two-fold. On 
one hand, when a smoothing capacitor is used (see the blue 
line in Fig. 6), the variation of the rectified current output is 
reduced which in turn improves the average dc output of the 
rectifier. 
On the other hand, when the Zener diode is employed as a 
voltage stabilizing device (see red line in Fig. 6) the output 
signal ripple is further reduced. Considering an input RF 
power of 27 dBm at 2.4 GHz, the simulation shows that the dc 
voltage fluctuates between 16.2 V and 17.1 V in Fig. 7 while 
the current varies between 23.9 mA and 25.2 mA. A similar 
response was also simulated considering a 1.7 GHz input tone. 
These minor variations of voltage and current can offer stable 
dc voltage rectification and we consider these output ripples 
suitable for the MTS studied in this paper. 
The T-type filter rejects the higher harmonics that can be 
generated at the output of the rectifier. Fig. 8 shows the 
voltage level of the harmonics in the output at 1.6 GHz, 1.7 
GHz, and 1.8 GHz in (a), and 2.3 GHz, 2.4 GHz, and 2.5 GHz 
in (b). In all cases, voltage levels are below 1 V, and as 
expected, most of the power is observed at dc. It is interesting 
to note that when the filter is removed (red line) part of the 
power goes to the first, second, third, and fourth harmonics 
and maximum values of about 3 V can be observed. When the 
filter is included in the simulation (blue line), the power is not 
lost in the higher harmonics and consequently, a higher voltage 
appears at the fundamental harmonic dc. For example, 
improvements of 2 V or more can be observed with the filter.  
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Fig. 5. The 2x1 patch array with a Wilkinson power combiner for operation 
at 2.4 GHz defining the receiver array and the RF power combiner for the 
receiver module. 
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In Fig. 9 the simulated reflection coefficient for the rectifier 
over a large frequency range is reported. As can be observed, 
good matching is achieved at 1.7 GHz and 2.4 GHz where 
values of |S11| are equal to -25 dB and -18 dB, respectively. It 
should be mentioned that results reported in Figs. 6 to 9 were 
obtained considering a fixed value for the load impedance, RL 
(see Table I). However, a battery can have a variable 
impedance depending on its charging state and size, also for 
example, when considering various DUCs; i.e. smartphone or 
small IoT device batteries. To further investigate the rectifier 
operation given these possible cases for the adopted DUC 
charging scenario (see Fig. 1), RF-to-DC conversion efficiency 
simulations are shown in Fig. 10 for different load impedance 
values. A wide range of power levels and frequencies are 
considered. It can be observed that for RL between 100 Ω and 
1k Ω, RF-to-DC rectification efficiency values are well above 
50%, and more than 80%, for the optimized frequencies and 
power levels. 
In terms of battery size, it is well known that the load 
resistance will change depending on the DUC. In [23] (see Fig. 
4), an investigation of various battery resistances for possible 
DUCs was reported. In particular, an impedance range 
between 100 and 1k Ω is likely for coin-size batteries 
supporting IoT devices [23]. This suggests that 669 Ω is a 
typical, mid-range load resistance that can be representative of 
the battery to be charged for the DUC. 
Measurements were carried out at the microwave lab at 
Heriot-Watt University using a calibrated power generator and 
a signal source (Keysight 4-Port N5225B PNA) to generate the 
desired input signal. This input signal was then amplified with 
an RF power amplifier and studied using a vector signal 
analyser (Keysight N9030B PXA) as shown in Fig. 11. The 
output dc signal was measured at the load resistance. 
The rectification efficiency for different input power levels 
(10 dBm to 28 dBm) at 1.7 GHz and 2.4 GHz was also 
analysed. Fig. 12 shows good agreement between the 
simulated and measured results. It can be observed from this 
plot that the designed rectifier converts efficiently (above 
60%) for a range of power levels between 10 dBm to 28 dBm  
 
and 15 dBm to 28 dBm at 1.7 GHz and 2.4 GHz, respectively.  
Given this diversity in the rectification efficiency, the DUC 
(when considering the intended WPT application scenario), 
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Fig. 9. Simulated reflection coefficient |S11| of the rectifier considering an 
input power of 27 dBm. 
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will be able to move freely in 3D space offering efficient 
charging of the mobile battery at different ranges from the 
transmitter. Thus, depending on the distance of the mobile 
from the RDA transmitter, the rectifier receiver module must 
be able to convert different RF power levels to dc. For 
example, more power will be rectified at the rectenna when the 
receiver module is closer to the RDA transmitter by Friis’ 
frees-pace path loss formula. Therefore, it was crucial in the 
design of the rectifier to efficiently convert power (from RF to 
dc) over a large range of input power levels.  Also, the 
minimum power level, 10 dBm at 1.7 GHz, offers more than 
50% rectification efficiency. Lower power levels have not 
been further considered in this work, as we deem this power 
level insufficient to transfer power to a DUC battery.  
It can also be observed that the rectifier efficiency is 
frequency dependant and increases with input power levels 
reaching a maximum (which is dependent on the breakdown 
voltage of the diodes). However, within the range of 
frequencies examined in Fig. 13, from about 1.65 GHz to 1.9 
GHz, the efficiency remains relatively stable (above 70% and 
80%) respectively considering an 18 dBm and 27 dBm input 
RF power level.  
In view of the intended WPT application (see Fig. 1), this 
varied power level and broadband performance offers an 
efficient conversion to dc, even when the electronic mobile 
device (or receiver module) is on the move around the 
transmitter module. For example, if the rectenna (or mobile 
DUC receiver unit) is moving with some non-zero velocity, it 
will receive the radiated high-power signal at a slightly 
different frequency and power level than the one transmitted 
by the RDA due to the Doppler Effect. Given this range of 
frequencies (1.7 GHz and 2.4 GHz) with maintained 
rectification operation, the receiver module can freely move 
and rotate due the radiated CP fields of the transmitter module. 
This important rectifier functionality can enhance the user 
experience as the mobile battery can still be charged within a 
given distance from the transmitter.  
 
Table II compares the characteristics, and conversion 
efficiencies of our work and other rectifiers reported in the 
literature. It can be observed that our proposed rectifier circuit 
offers an improvement when compared to other rectifiers 
found in the literature, in terms of rectification efficiency and 
for the highest input RF power level. 
IV. RF-DC EFFICIENCY OPTIMIZATION USING 
MULTI-TONE SIGNALS 
It has been previously studied that the efficiency of a 
rectifier can be further improved when two-tone and multi-
toned signals are employed [22], [24] or when using power 
optimized waveforms [25]. It was further examined in [26] that 
when signals with a high peak to average power ratio are 
considered, an improvement of the RF-to-DC conversion 
efficiency can be observed when compared to a continuous 
wave (CW) signal with the same average power.  
Following these developments, we further investigate the 
performance of our rectifier circuit considering a multi-tone 
input signal with a bandwidth of 35 MHz, as illustrated in Fig. 
14. In particular, we study 8-tones (all in phase) separated by 5 
MHz at the RF input, centred at 2.4 GHz, having a total 
average power equivalent to the power of the CW tone signal 
examined previously; i.e. 27 dBm at 2.4 GHz. It should be 
mentioned for this multi-tone study that the RMS value for the 
signals are equal to N / √2 ~ 1.4, with a Crest Factor of √2N = 
4, while the peak-to-average power ratio (PAPR) is 10log2N ~ 
1.2 dB. Here N (= 8) which defines the total number of tones. 
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Fig. 13. Measured and simulated RF-to-DC conversion efficiency versus 
frequency at three different power levels. 
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Fig. 11.  Bench top rectifier measurement setup. 
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The operation of the rectifier considering a multi-tone input, 
can be further understood by studying the efficiency of the 
rectifier versus frequency for a single-tone (0º relative phase 
difference [22]) at the RF input for different power levels (see 
Figs. 15 and 16). Taking 2.1 GHz as an example, it can be 
observed that that the efficiency reaches a local minimum for 
26 dBm and 27 dBm. If a multi-tone input signal, as the one 
shown in Fig. 14 is employed (but centred at 2.1 GHz), the 
rectifier will allow for the average RF power to be converted 
within the defined 35 MHz bandwidth rather than at an 
individual frequency. For this particular case, the resulting 
efficiency will be higher for a multi-tone input, as shown in 
Fig. 15(a), when compared to a single-tone. For example, it 
can be observed that the efficiency increases by about 13% 
and for increased input RF power levels; i.e. 27 dBm. 
The case of 2.4 GHz is also studied. In Fig. 16, a local 
maximum can be observed at 26 dBm and 27 dBm and a 
minimum at the other input power levels. By studying the 
measurements in Fig. 15(b), it can be observed that for input 
power levels below than 14 dBm (i.e. where the local minima 
are found) the measured efficiency is higher for the multi-tone 
input case. Conversely, for input power levels larger than 
about 14 dBm, a single tone excitation is the preferable RF 
input signal. This is because the RF-to-DC conversion 
efficiency is more than 60% for input power levels of 16 dBm 
to 28 dBm. 
The improvement in rectification efficiency due to the 
multi-tone input can be further explained by observing the 
simulated reflection coefficient for different input RF power 
levels as shown in Fig. 17. Due to the active rectifier device, 
the reflection coefficient can change and is dependant on the 
input RF power levels. For example, reflection coefficient 
values are below about -15 dB at 1.7 GHz and 2.4 GHz for RF 
input power levels greater than 12 dBm while higher 
reflections are observed at 2.1 GHz for a 27 dBm input tone; 
i.e. values are about -2 dB and -10 dB for input RF power 
levels of 18 dBm and 27 dBm, respectively. Moreover, by 
considering the same example in Fig. 15(a), it can be observed 
that in order to achieve improved rectification efficiency with 
a multi-tone input signal, it is suggested to inject 8 tones, each 
with a power of 18 dBm centred at 2.1   
 
 
GHz (defining a total power of 27 dBm) rather than a single 
tone at 2.1 GHz with a power of 27 dBm. This is due the 
improved matching that can be observed for an 18 dBm input 
 
Fig. 17. Reflection coefficient at different power levels considering a 
single-tone input. 
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Fig. 14. Illustration of the multi-tone input for rectifier testing. 
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Fig. 15. Measured RF-to-DC conversion efficiency versus input RF 
power. A comparison between a single tone input and a multi-tone input 
is reported at (a) 2.1 GHz and (b) 2.4 GHz. 
 9 
signal.    
In an effort to optimize the RF-to-DC conversion efficiency, 
this varied RF input signal approach can be envisioned as part 
of a smart MTS and electronically programmed for WPT 
which is capable to switch between single and multi-tone input 
signals according to the observed local minima or maxima 
rectifier efficiency. This in turn will provide a WPT system 
capable of providing high RF-to-DC conversion efficiency for 
a wide range of input power levels which is related to different 
positions of the mobile DUC. 
  
V. SYSTEM MEASUREMENTS 
To enable rectifier testing and to study its performance 
within the WPT system, the rectifier was measured in an 
anechoic chamber as shown in Fig. 18. Four receiver elements 
were employed for the CP-RDA, while at transmit, a network 
of 4 arrays (not 2 as in Fig. 5 from [11]) were adopted.  
This transmitter module used for system rectifier testing 
generates a 2.4 GHz left-handed circularly polarized (LHCP) 
field using a 4x4 array configuration which was sub-divided 
into four sections (see Fig. 18). It was designed using 
microstrip technology, and each of the patch antennas are fed 
in series within the corresponding sub-array. The total realized 
LHCP gain is around 18 dBic with an axial ratio (AR) of less 
than 2 dB at broadside. The dc power consumption of the 
RDA was about 15 W. This was calculated considering the 
four driver amplifiers (ZFL-2500+, rated supply 5V, 0.22A) 
and the four power amplifiers (TQP9111, rated 5V, 0.545A) 
connected to the four sub-arrays. Additionally, the effective 
isotropic radiated power (EIRP) for the RDA transmitter was 
55 dBm and the RF power delivered into the antenna sub-
arrays was around 37 dBm (5W).   
Such a system was made for high-power radiation and 
rectifier testing at the receiver module. Also, since the RDA 
has been designed at 2.4 GHz the rectifier system testing and 
the performance of the circuit has been measured only at 2.4 
GHz within the MTS. During the measurements, the rectifier 
was first connected to a 2-by-1 receiver patch antenna array 
forming the rectenna during the experimentation for proof of 
concept. System measurements were then carried out in the 
near-field and the far-field zone. In Fig. 19, the received RF 
power (input power of the rectifier) and the resultant dc power 
(output power of the rectifier), is shown at broadside from 40 
cm to 75 cm and this range is actually in the reactive near-field 
(other far-field range tests were also completed, but not 
reported due to brevity). As can be observed, the RDA was 
able to direct RF power to the rectenna unit enabling the 
rectifier to convert the RF power to dc power. In particular, the 
rectifier provides around 250 mW (24 dBm) of dc power at 75 
cm with more than 350mW (> 27 dBm) between 40 cm and 60 
cm. 
 
 
 
In Fig. 20 measurements are reported showing the tracking 
capability of the rectenna and its operation within the MTS; 
i.e. when the receiver module is rotated around the transmitter 
module at a fixed range of 50 cm. It can be observed that the 3 
dB beamwidth is approximately 70˚. The dc power rectified 
versus the incoming angle was also recorded and is 
represented by the green line in the figure.  
The reduction in power for this curve with respect the RF 
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Fig. 19. Measured received power at RF and dc at broadside for a range 
of distances from the RDA transmitter module. 
PXA Signal Analyzer 
Power Supplies
(for Mixers and Amplifiers)
MXG Signal Generator 
(Tone for Mixer LO)
Transmitter Module
(RDA)
Receiver 
Module
Transmitter Module (RDA)
4-Element 
Rx Patch Array 
(2.5 GHz RHCP)  
16-Element 
Tx Patch Array 
(2.4 GHz LHCP)  
(Representative Mobile Device)
Rectifier
2-Element 
Patch Array 
(2.4 GHz LHCP)  
Wilkinson 
Power 
Combiner
Receiver Module (Rectenna)
Fig. 18. System measurement for the rectenna. The supporting RF chains 
for the transmitter include mixers (LTC5549 from Linear Technology), 
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ones, is related to the efficiency of the rectifier. In addition, the 
received RF power is greater than 300 mW for about a 70˚ 
angular range (from about -35˚ to +35˚). To the authors’ 
knowledge there has not been any similar rectifier reported in 
the literature demonstrating its operation in a MTS for WPT 
applications, in particular, which can support the continuous 
powering of various DUC such as smartphones, IoT devices 
and other portable electronics.  
 
VI. HEALTH CONSIDERATIONS 
Given that high RF power is being radiated in the presence 
of human bodies, it is important to address any possible human 
health risks and the related power transmission regulations. It 
should be mentioned firstly that the low energy levels 
associated with microwave radiation at 2.4 GHz, the power 
levels are usually not considered dangerous and should not 
cause ionization of atoms and molecules thus causing damage 
to human deoxyribonucleic acid (DNA) and other tissue [32]-
[36]. 
It is however recognized that certain RF power densities can 
have some possible effects to humans. To address these 
concerns, several studies have been initiated to determine the 
safe levels of exposure to RF radiation for the general public. 
Several guidelines and standards have been issued by the 
IEEE, the American National Standards Institute (ANSI), the 
International Commission on Non-Ionizing Radiation 
Protection (ICNIRP), The Federal Communications 
Commission (FCC), and the National Council on Radiation 
protection and Measurements (NCRP) [30]. These standards 
are expressed as a power density in mW/cm2. The 
ANSI/IEEE/FCC exposure standard is limited at 1.2 mW/cm2 
at the considered frequency and the ICNIRP/NCRP are limited 
at 0.57 mW/cm2 for 900 MHz operation. These organizations 
admit that at a higher power density (4 mW/cm2) there is no 
evidence or confirmation of any effects to human tissue or 
DNA. Moreover, to further quantify these power levels, the 
specific absorption rate (SAR) is commonly used to further 
define safety standards and is expressed in W/kg.  For 
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 Fig. 20. Measured tracking capability of the MTS and rectenna at 2.4 
GHz versus angle for a fixed range of 50 cm from the transmitter module. 
Three measurement trials were completed whilst using a Keysight PXA 
Spectrum Analyzer at the receiver module (Trials #1 to #3, left axis) and 
also at the output of the rectifier; i.e. the power measured across the load 
RL (Trial #4, right axis). 
TABLE II 
COMPARISON TABLE BETWEEN DIFFERENT RECTIFIER CONFIGURATIONS 
Reference 
Frequency 
(GHz) 
Substrate Size (cm) 
Pin(dBm) at 
maximum 
efficiency 
Topology 
Maximum 
Efficiency 
(%) 
[27] 5.2/5.5 
Duroid 
r=2.2 
6.2 x 3 10 Single diode 57.3 
[28] 5.8 
Duroid 
r=2.94 
6.5 x 1 18 Single diode 68.5 
[29] 5.8 
Duroid 
r=2.2 
- 16.1 Diodes in parallel 73.3 
[30] 2.4 
Duroid 
r=2.33 
- 10 Single diode 77.8 
[18] 0.92/2.4 
FR4 
r=4.4 
3 x 1.5 15 
Four-stage voltage 
doubler topology 
78 
[16] 2.45 
FR4 
r=4.4 
3 x 3 24.7 Diode Pair 78 
[15] 2.4 
PTFE Board 
r=2.6 
4.5 x 4.8 26.2  Bridge Diode 80 
[31] 5.8 
Duroid 
r=2.2 
- 16.9 Single diode 82 
[17] 2.4 
FR4 
r=4.4 
4.5 x 4.5 22 Pair of Diode 82.3 
[19] 2.4/5 
Duroid 
r=2.33 
6.2 x 1 19.5 Single diode 84.4 
This 
Work 
1.7/2.4 
Taconic TLY-5 
r=2.2 
4.5 x 2 27 Bridge Diode 86 
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example, it has been established by the Council of the 
European Union for RF energy absorption [33]-[36] that the 
SAR should not extend 2.0 W/kg for the human body. 
In this research paper, the potential harm of the proposed 
WPT technology has been carefully considered for the 
maximum value of the received RF power (27 dBm or 0.5 W). 
In particular, this value has been selected in order to respect 
the aforementioned standards. For example, by considering the 
effective surface dimension of the patch antenna at the receiver 
module (which has a dimension of 20 cm by 15 cm) it has been 
calculated that the power density will not exceed 1.66 mW/cm2 
which is well below 4 mW/cm2. Moreover, the range for the 
MTS has been considered to be equal or greater than 50 cm to 
fulfil these constraints, and in particular, during the RDA and 
rectifier design mainly to ensure safe RF exposure to the 
human body.  
Additional safety circuitry is recommended for the proposed 
MTS (RDA and rectifier) to ensure individuals are not 
exposed to unsafe RF power levels. For example, proximity 
sensors could be put in place to turn off the RDA transmitter 
or reduce the transmit power when users are less than 40 cm 
away or similar. Also, given the noted design range of 50 cm 
and power levels for the WPT system, the SAR has been 
estimated to be around 1.76 W/kg, by considering an average 
density of a human body of 945 kg/m3. This value of 1.76 
W/kg is well below the recommended safety standard of 2.0 
W/kg. 
VII. CONCLUSIONS 
An optimized full-bridge rectifier using diodes has been 
presented in this paper. It has been tested on a lab bench and in 
a WPT system using free-space waves from a transmitter 
module in order to rectify RF power and to demonstrate the 
potential application of wireless charging for batteries within 
various mobile devices under charge.  
The designed input RF power level of about 27 dBm can 
support continuous operation of the DUC when in the vicinity 
of the MTS. However, the proposed rectifier and WPT system 
is not intended as a replacement for more conventional wired 
charging approaches, but complimentary, in that the DUC 
battery could continuously charge when in the vicinity of the 
developed MTS. This can support uninterrupted operation and 
less battery replacement and charging interventions for 
smartphones or IoT devices for example, enhancing DUC 
functionality and user experience.  
The optimized and experimentally tested rectifier features a 
peak conversion efficiency of 86% and it is tested within the 
microwave system which is defined by an innovative 
transmitter based on an active circularly polarized 2.4 GHz 
retrodirective antenna array. Converted dc values in the near-
field are above 24.7 dBm. In addition, simulations and 
measurements show good agreement for the rectifier in terms 
of RF-to-DC conversion efficiencies and minimal dc voltage 
and current ripple, whilst considering a range of power levels, 
battery load types, and input frequencies. This makes the 
active rectifier circuit suitable for many applications that 
require WPT, such as smartphones, IoT devices, wearables 
and other home electronics. Future work can include the 
design of a new dual-band RDA and other dynamic transmitter 
systems for WPT applications whilst also considering data 
communications. This can enhance mobile DUC charging 
capability and operational features of the MTS. 
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